Introduction {#sec1-1}
============

Noise is a ubiquitous element of the environment that recently has been recognized as a serious health problem. It has been vastly documented that noise exposure induces both auditory and non-auditory damage (Schiff, Barber *et al*., Seidman and Standring).\[[@ref1][@ref2][@ref3]\] Damage to the auditory system is mainly associated to the loss of hearing capacity, a condition affecting 250 million people worldwide (for review see Seidman and Standring).\[[@ref3]\] In the other hand, annoyance and the corresponding activation of the stress response are the most frequently reported non-auditory affections (Kryter, Stansfeld and Matheson).\[[@ref4][@ref5]\] It has been reported on this regard that high intensity noise may induce serious physiological or psychological disturbances affecting the endocrine, nervous, and cognitive systems (van Raaij *et al*., Chang and Merzenich, Gonzalez-Perez *et al*., Jauregui-Huerta *et al*., Reed *et al*).\[[@ref6][@ref7][@ref8][@ref9][@ref10]\]

It is well-known for example that noise may impair the ability of subjects to solve complex cognitive tasks. The cognitive impairment associated to noise and other environmental stressors may become particularly evident over the processes associated with memory (for review see Sandi and Pinelo-Nava).\[[@ref11]\] Working memory is a highly-evolved cognitive function that allows the animal to act upon representations of a cue over a delay period in which the cue is absent. Working memory and its associated functions (alternation/discrimination) are also recognized as crucial stress-vulnerable processes (Dudchenko).\[[@ref12]\] The prefrontal cortex (PFC) has been accepted as the main cerebral mediator of this cognitive function. Between other roles, the PFC possess networks of neurons that support the ability of the subjects to maintain information in absence of the stimuli, to protect representations from interferences, to monitor errors, and to promote flexible behavior in order to mend errors (for review, see Arnsten).\[[@ref13]\] The PFC is also delicately sensitive to environmental stressors (Manikandan *et al*., Garrido *et al*).\[[@ref14][@ref15]\] Accordingly, the medial prefrontal cortex (mPFC) expresses a high number of corticosteroid receptors that become activated during the stress response (McDougall *et al*).\[[@ref16]\]

In the recent years, morphometric studies have evidenced that the PFC, as well as the hippocampus, suffers selective volume reduction under stress conditions. Growing data suggest that glial loss may contribute at least in part to this phenomenon and that lower glial numbers might also be associated with the cognitive alterations produced by stress (Barros *et al*., Rajkowska and Miguel-Hidalgo, Banasr *et al*., Banasr and Duman).\[[@ref17][@ref18][@ref19][@ref20]\] Due to its versatile nature, astrocytes represent the most attractive cell population in order to explain the contribution of glia to the structural volume reduction (for review, see Jauregui-Huerta *et al*).\[[@ref21]\]

It is also known that early development is strongly influenced by environmental factors. Experimental evidence has demonstrated that early adverse experience can modify the conformation of cerebral cytoarchitecture. Cerebral structures whose maturation process conclude at postnatal stages of life (i.e., the PFC) are specially vulnerable (Heim and Nemeroff).\[[@ref22]\] Early aversive experiences have been proposed a major epigenetic factor contributing to the beginning of some stress-related pathologies including depression, schizophrenia, and posttraumatic stress disorder. All of these conditions involves crucially PFC structure and function (Moghaddam and Jackson).\[[@ref23]\] Since the medial prefrontal cortex (mPFC) represents one of the most vulnerable extra-auditory structures to the damaging effect of environmental stressors (Manikandan *et al*., Garrido *et al*),\[[@ref14][@ref15]\] we tested here the hypothesis that chronic exposure to environmental noise at the juvenile age that modifies the mPFC in a long-term manner. The objective of this study was then to evaluate the long-term effect of noise on mPFC by assessing both, histochemycal changes in the main subareas of the mPFC, and the related working memory changes by using the alternation/discrimination paradigm of the T-maze apparatus.

Methods {#sec1-2}
=======

Animals {#sec2-1}
-------

The subjects were 30 Swiss Wistar male rats obtained from an in-house breeding facility at the Centro de Investigacion Biomedica de Occidente, IMSS, Guadalajara, Mexico. The rats were weaned on postnatal day 21 (PND 21), housed in standard polycarbonate cages, and maintained on a 12 h light-dark cycle, with lights on at 07:00. Standard Purina rat chow pellets and tap water were provided *ad libitum*. Experimental procedures were approved by the institutional ethics commission and were in accordance to the U.S National Institute of Health Guide for the Care and Use of Laboratory Animals. Body weight was measured routinely on PNDs 21, 24, 27, 30, 34, 37, 41, 45, and 50. Immediately after weaning (21 PND), the animals were randomly assigned to Control (*n* = 15) or Noise (*n* = 15) conditions. Control animals remained in the same standard conditions while the Noise group was treated as follows.

Early-life exposure to noise (from PND 21 to PND 35) {#sec2-2}
----------------------------------------------------

In order to better adjust to the objective of our experiment (i.e., the extra-auditory effects of noise) and to avoid unnecessary interferences with the rats' auditory system whose development is critical during weaning (0-21 PN) (Bures *et al*),\[[@ref24]\] we chose the rats' juvenile period of life (21-35 PN). The juvenile-prepubescent period is a stress-sensitive stage that resembles the human childhood (Horovitz *et al*., Horovitz *et al*).\[[@ref25][@ref26]\] Beyond the fact that auditory structures are relatively mature, we also attended the role of this stage as a critical period for the maturation of executive functions and their underlying neural circuitries (i.e., medial prefrontal cortex circuitries) (Van Den Berg *et al*., Tsoory *et al*., Fuentes *et al*., Horovitz *et al*).\[[@ref26][@ref27][@ref28][@ref29]\] Then, we handled the rat in a time window previously validated for the study of enduring effects of early-life stress (Chen *et al*., Ishikawa *et al*., Kaffman)\[[@ref30][@ref31][@ref32]\] while avoid other non-desirable situations (i.e., causing additional stress by handling animals during weaning, affecting hearing structures, etc.). To this end, the rats' audiogram-fitted adaptation of a noisy environment (kindly provided by Dr. A. Rabat) was employed (Rabat *et al*., Jauregui-Huerta *et al*., Jauregui-Huerta *et al*).\[[@ref9][@ref33][@ref34]\] [Figure 1](#F1){ref-type="fig"} illustrates the general procedure followed in this experiment. Briefly, urban audio files containing unpredictable noise events with a duration ranging from 18-39 s and spaced by silent intervals ranging from 20-165 s were randomly presented to rats in a 24 h fashion throughout the 15 days post-weaning (i.e., PNDs 21-35). Animals were housed in a special sound-isolated acoustic stress chamber afforded with professional tweeters (Steren 80-1088) suspended 60 cm above the solid grid cages and connected to an amplifier (Mackie M1400; freq. 20 Hz\--70 kHz; 300 W-8 Ω) equipment with mixer software that delivered the acoustic signal at levels ranging from 70 dB for the background noise to 85-103 dB for the noisy events. To make sure that the sound intensity was homogeneous at all places in the cage, noise intensity was measured by placing a sound-level meter (Radio Shack, Mexico) (Bohbot *et al*).\[[@ref35]\]

![General procedure: Illustrates the general procedure followed in our experiment. Experimental procedures are chronologically depicted above and below the line. Postnatal age is written below. Control animals followed the same procedure except for the noise exposition occurring between PND 21 to 35. Immunohistochemical and cognitive assessments were carried out on different rats (*n* = 5 for immunohistochemistry and *n* = 10 for T-maze procedure)](NH-17-216-g001){#F1}

BrdU injections {#sec2-3}
---------------

To label newly born cells at the mPFC of the early-life exposed rats, we injected the thymidine analog Bromodeoxiuridine (BrdU) (Sigma-Aldrich, St. Louis, Missoruri) in each of the last 3 days of exposition \[[Figure 1](#F1){ref-type="fig"}\]. 5 animals per group were injected at 07:00 h using a single daily dose of 50 mg/kg i.p. (Cameron and McKay).\[[@ref36]\] So, we labeled mitotic cells at the time of the exposure (21-35 PND) and quantified these newborn-surviving cells corresponding to astrocytes 3 months later when the animals were sacrificed for hystochemical analysis (90 PND).

Corticosterone assays {#sec2-4}
---------------------

Immediately after the noise exposure, another five rats per group were randomly selected in order to obtain serum via the quick tail vein sampling method. The quick tail method was selected in order to avoid additional stress for animals and facilitate the use of these animals on behavioral assessments (Fluttert *et al*).\[[@ref37]\] Blood samples were obtained immediately after the noise was ended at PND 36 (between 07:00 and 08:00, in order to avoid circadian variation). Plasma corticosterone levels were measured using an enzyme immunoassay kit (Correlate-EIA from Assay Designs Inc., USA).

Long-term assessments {#sec2-5}
---------------------

Once the animals completed the noise protocol (35 PND), we kept them in standard conditions until 90 PND and then proceed to evaluate the long-term effects of exposure. At the age of 90 PN, 2 subgroups of rats were created in order to evaluate cognitive and hystochemical changes for each condition. From the 15 rats belonging to each condition (control and noise), 10 rats were assigned to the T-maze assessment, and the remaining 5 BrdU-injected rats were assigned to histochemical analysis as follows:

### T-maze procedure {#sec3-1}

As stated before, 10 rats per condition were assessed when reached the age of 90 PND in order to estimate the remaining effects of the previous early-life exposure on cognition. To this end, we employed a modified version of the classical T-Maze that accurately evaluates mPFC-related functions (Shoji *et al*).\[[@ref38]\] The followed protocol included:

a.Apparatus setting (we used a partitioned T-maze with automatic sliding doors and pellet dispenser),b.Animal preparation (we housed the animals in recommended conditions and transported them always at the same time period with at least 30 min before the first trial),c.Food restriction (animals were maintained at 80% to 85% of their free-feeding body weight),d.Habituation-pre-training (animals were allowed free exploration with open doors for habituation followed by a daily/5 trials pre-training period with closed doors),e.Forced alternation task (animals executed 10 consecutive trials in a session per day, each trial consisted of one forced choice followed by one free choice run in order to detect working memory changes), andf.Left-right discrimination task (animals executed 10-20 consecutive trials in one session per day consisting of one free choice run in order to appreciate reference memory changes) (See [Figure 2](#F2){ref-type="fig"} explanation for a better understanding).

![T-maze Apparatus. Diagrams on the left part illustrate the mechanics of this protocol. The apparatus was divided into 6 areas (A1, A2, S1, S2, P1, P2) by sliding doors (s1, s2, s3, a1, a2, p1, p2) that the animals explored during the training sessions. Animals were placed in the star box (area s1) and allowed to explore the corresponding area according the task (forced alternation or left-right discrimination). The forced-choice run started with the doors s2, a1 and a2 in the open position. The sucrose pellet was delivered to the food compartment of the open area. The animal consumed the pellet and returned to the start box because doors p1 or p2 were closed while s1 or s3 were opened. Once completed the forced-choice run, a free choice run begun with doors s2, a1 and a2 in the open position. Animals then choose between the two arms. If the animal choice was the same than the forced choice, it was then considered and reported as "correct" choice. This procedure was repeated for 10 consecutive trials in a session per day. Once the animals completed the 80% correct response criterion, they were tested introducing a delayed alternation period of 10, 30 and 60 s between the forced and the free-choice runs. In the left-right discrimination task the animals were allowed to freely choose between left or right arms. The pellet was delivered onto the goal arm. If the animal choice was this arm, it was considered a correct response. Once the animal completed this part, it was allowed to return to the start box. The sucrose pellet was always delivered on the same arm (the goal arm). Assessment was conducted in a soundproof room provided with a close circuit camera (depicted in the right part of the figure)](NH-17-216-g002){#F2}

Animal behavior in the T-Maze was video-recorded and analyzed using the Image TM software. We analyzed the percentage of correct responses and the latency to complete a session.

### Astrocyte/proliferative analysis {#sec3-2}

For an estimation of mPFC hystochemical changes associated to the early-life experience, the animals (*n* = 5/group) that received the BrdU injections when juveniles were perfused at 90 PND using a standard protocol (Hernandez *et al*).\[[@ref39]\] We performed a double immunofluorescence staining method to confocally co-localize cells that went through mitosis (BrdU+) and co-localize with the filamentary protein GFAP expressed throughout the cytoskeleton of astrocytes (astrogenesis). The total number of BrdU+ cells was reported as cytogenesis while the BrdU+ cells that co-localize with GFAP+ was reported as astrogenesis. Cells that expressed the GFAP marker were also counted and reported as the total astrocyte numbers. We considered that BrdU and GFAP co-localized when green nuclear fluorescence (BrdU) coincided with red soma fluorescence (GFAP) over consecutive 1 μm z-stacks, and when co-localization was confirmed in x-y, x-z, and y-z cross-sections. We assessed BrdU+GFAP changes using a confocal laser-scanning microscope (Leica TCS SP2) connected to a PC running the Leica confocal software (LCS). For every section, the percentage of co-localization of BrdU+ cells was calculated as the fraction of the number of BrdU+ cells that co-expressed GFAP/the total number of BrdU+ cells per section multiplied by 100. [Figure 3](#F3){ref-type="fig"} illustrates the anatomic location of regions and staining methods used for this purpose.

![mPFC immunohistochemical analyses. Counting of BrdU (green cell close to the arrow highlighted in micrograph posted in the inferior right part) and GFAP (red star-like cells showed in inferior micrographs) positive cells carried out in the mPFC. Regions of interest are displayed on a series of slices depicted in the top of the figure](NH-17-216-g003){#F3}

Immunofluorescence protocols were conducted as follows: A series of free-floating sections obtained from bregma 3.7 mm to 2.2 mm (Paxinos and Watson)\[[@ref40]\] were first pre-treated to denature DNA, sections were incubated in 2N HCL for 30 min at 37^°^ C and rinsed with 0.1M borate buffer (pH 8.5). Then, sections were washed with phosphate buffer (PB) and incubated with blocking solution (10% normal goat serum in 0.1 phosphate buffer) for 60 min at room temperature. Tissues were then incubated for 12 h at 4^°^ C with the monoclonal antibody against BrdU (rat anti-BrdU, Accurate Scientific, OBT003, dilution 1:1000) and the polyclonal antibody against GFAP (rabbit anti-GFAP, Dako, dilution 1:500). After rinsing in PB, sections were incubated for 2 h with the secondary antibodies (Alexa fluor 488 goat anti-rat IgG and Alexa fluor 594 goat anti-rabbit from Molecular Probes in a dilution 1:1000). Sections were mounted on slides and cover-slipped using fluorescent mounting media (Vectashield Vector Labas, Burlingame, CA).

Series of systematically selected brain sections (40 μm-thick every 120-μm starting on bregma --3.7 and ending on bregma --2.2) were manually counted using a X400 magnification for a) BrdU+ cells, b) GFAP+ cells, and c) BrdU+GFAP+ cells. An additional optical density analysis was conducted over selected (10 cells/area) GFAP-positive cells in order to elucidate morphological differences between groups. Individual cells were delineated using the «lasso» tool (Apple inc.), extracted and placed on Image J (NIH free software) where we obtained optical density for every extracted cell \[[Figure 3](#F3){ref-type="fig"}\].

Statistical analysis {#sec2-6}
--------------------

All data are expressed as mean ± standard error of the mean (SEM). For astrocyte/BrdU+ cells we used the Student t test to compare groups. Behavioral data was analyzed by analysis of variance (ANOVA) comparing condition x session or condition x delay. In all cases, a value of *P* ≤ .05 was chosen to establish significant differences. SPSS version 19 was used to run all statistics.

Results {#sec1-3}
=======

Stress-like effects of early life environmental noise exposure {#sec2-7}
--------------------------------------------------------------

To determine whether environmental noise produces stress-like effects on exposed rats, we assessed serum corticosterone (CORT) levels at PND 36 and weighed rats from PND 21 to PND 50.

Serum CORT levels obtained from tail veins at the morning of PND 36 were significantly higher in environmental noise (EN)-exposed rats (7.31 ± 1.0) than those found in control rats (2.67 ± 1.20) (*F* .210) t = --2.952/--2.952 (*P* £0.05). [Figure 4](#F4){ref-type="fig"} illustrates the mean ± SEM CORT levels on each group. Stressing effects of EN were confirmed by body weight measure since exposed rats gain weight in a less pronounced curve than controls (Jauregui-Huerta *et al*).\[[@ref34]\] Differences were particularly marked at days 34 (137.60 ± 3.53 vs 155.04 ± 2.72) (*F* .455) t = 3.954/3.885 (\*\**P* \< 0.001) and 37 (157.48 ± 4.82 vs 172.52 ± 2.51) (*F* .446) t = 2.831/2.764 (\**P* \< 0.01). [Figure 4](#F4){ref-type="fig"} right side illustrates the mean ± SEM body weight gain.

![Stress-like effects of noise exposure. Left: Mean ± S.E.M plasma levels of corticosterone obtained after exposure to environmental noise. Increased CORT levels were found immediately after exposure to noise (\**P* \< 0.05). Right: Body weight gain during the first 7 weeks of the experiment. The rat\'s body weight gain is expressed in grams from 21 to 50 PND. The noise-exposed rats gained less weight as compared to the control rats (statistically significant only on 34 and 37 PND). \**P* \< 0.05. Bars represent the mean ± SEM](NH-17-216-g004){#F4}

T-Maze execution {#sec2-8}
----------------

As established before, animals exposed to EN when juveniles were evaluated on the T-maze apparatus 3 months later. We analyzed with this design the long-term effects of this exposition on mPFC-associated cognition. As seen in [Figure 5](#F5){ref-type="fig"}, performance of noise exposed and non-exposed rats was different between groups. EN exposed rats showed a significant lower percentage of correct responses than control rats during the first 3 days of execution. Such difference was statistically significant on days 1 (39.44 ± 11.7 vs 82.22 ± 9.0) (*F* 2.109), t = -2.872/-2.872 (\**P* \< 0.05), and 3 (52.72 ± 5.89 vs 83.20 ± 7.0) (*F* 0.996) t = -3.327/3.301 (\**P* \< 0.05).

![T-Maze execution on adult rats exposed to environmental noise when juveniles. Top Chart shows results of correct responses across sessions illustrating Mean ± SEM. Significant interactions were found on mean percent of correct responses for sessions 1 and 3 (\**P* \< 0.05) where EN exposed animals showed a reduced number of correct responses. Middle chart shows results of correct latency quantification. Significant interactions were found on sessions 3 and 4 where EN exposed animals increased the latency to respond correctly (\**P* \< 0.05). Bottom chart shows mean percent of correct responses (10 trials/day) on the forced alternation task with delays of 10 (day 9), 30 (day 10), and 60 sec (day 11). Exposed rats showed less percent of correct responses when a 60 sec delay period was introduced (\**P* \< 0.05)](NH-17-216-g005){#F5}

We also registered the time that the animals employed to reach the correct goal. We report this observation as correct latency. [Figure 5](#F5){ref-type="fig"} (middle chart) shows the mean ± SEM values obtained here. EN-exposed rats showed higher latencies than control rats. Such differences were statistically significant on days 3 (22.57 ± 5.25 vs 9.59 ± 0.75) (*F* 5.312), t = 2.935/2.448 (\**P* \< 0.05), and 4 (7.84 ± 1.31 vs 3.30 ± 0.25) (*F* 10.989) t = 3.391/3.391 (\**P* \< 0.05).

Finally, in the delayed alternation task, the correct choice percentages of EN-exposed rats (58.00 ± 9.0) were significantly lower than those of the control group (59.44 ± 4.13) when we introduced the 60 sec delay period (*F* 4.512) t = 0.145/0.145 (\**P* \< 0.05) ([Figure 5](#F5){ref-type="fig"} at bottom chart illustrates this values).

mPFC immunohistochemical analysis {#sec2-9}
---------------------------------

In this part of the experiment, we assessed the long-term effects of early life exposure to noise on mPFC astrocytes. To this end, we counted the total number of GFAP+ cells on prelimbic, infralimbic (8 sections, coordinates: 4.20-2.20 mm from bregma), and cingulate cortices (6 sections, coordinates: 2.7-1.2 mm from bregma). By adding the BrdU proliferative marker, we also obtained a general view of changes affecting cytogenesis. [Figure 6](#F6){ref-type="fig"} shows the mean ± SEM GFAP-positive cells (left-top), the mean ± SEM BrdU-positive cells (left middle-top), the percent of double BrdU+GFAP+ -astrogenesis- labeled cells (left middle-bottom), and the mean ± SEM optical density measurement (left-bottom) of individual astrocytes extracted from corresponding areas.

![Effects of early-life noise exposure on mPFC cytogenesis and astrogenesis. Left Panel contains graphics illustrating mean ± SEM of GFAP-positive cells (Top), BrdU-positive cells (middle-top), double labeled cells (middle bottom), and individual astrocyte optical density (bottom) in cingulate cortex, prelimbic cortex and infralimbic cortex. Cingulate cortex of EN exposed rats exhibited a significant reduction of GFAP and BrdU positive cells (\**P* \< 0.05) but not of double-labeled cells. Astrocytes from infralimbic area exhibited a more robust morphology evidenced by higher optical densities (\**P* \< 0.05). Right panel illustrates differences among groups including staining for GFAP (red upper slices 730μ × 730μ), BrdU (stylized green cells in the middle-bottom pictures) and individual astrocyte density (stylized red cells in the bottom pictures)](NH-17-216-g006){#F6}

Analysis of the different mPFC regions demonstrated that EN affected cytogenesis by reducing the number of BrdU labeled cells. Such phenomenon was statistically significant in cingulate cortex (0.1250 ± 0.035 vs 0.1942 ± 0.055) (*F* 4.431), t = 1.103/1.1054) (*P* \< 0.05). Both, prelimbic and infralimbic regions evidenced nonsignificant decrease in BrdU-labeled cells.

Quantification of the total astrocyte numbers revealed that EN affected astroglial cells in a long-term mode. Again, cingulate cortex resulted the most affected region exhibiting a significant reduction in the number of GFAP+ cells (49.04 ± 2.62 vs 61.17 ± 2.89) (*F* 1.024) t = 3.079/3.103, (*P* \< 0.05). If so, astrocyte numbers were also reduced in prelimbic and infralimbic regions, such reduction was not statistically significant.

Confocal microscopic analysis revealed no changes in astrogenesis of the EN exposed rats. Percent of colocalization of BrdU with the GFAP marker of astrocytes was in general reduced for control and exposed rats (the number of BrdU cells that colocalize with GFAP was less than 10%). From the limited double-labeled cells detected, no differences were found between groups.

Analysis of individual astrocyte morphology revealed enlargement of the cytoplasmic arborizations. Hipertrophic changes were statistically significant in prelimbic cortex (81.11 ± 1.16 vs 72.02 ± 1.20) (*F* 3.744) t = 2.729/2.717 (*P* \< 0.05).

Discussion {#sec1-4}
==========

The aim of the present study was to determine the long-term effects of noise exposure on the mPFC structure and function. We choose for this purpose the most abundant and versatile cell population in brain named astrocytes, and one of the most strongly associated cognitive task to the mPFC named working memory (Pontecorvo *et al*., Shoji *et al*., Ishikawa *et al*).\[[@ref31][@ref38][@ref41]\] We found decreased numbers of astrocytes and proliferative cells among mPFC of the exposed rats. We also found an impairing effect of this early noise exposure over the cognitive skills undergoing alternation/discrimination tasks at adulthood. These non-auditory effects of environmental noise were associated to a marked activation of the stress response system.

The PFC has long been proposed as the main cerebral structure mediating the most evolved cognitive skills (i.e., working memory, inhibitory behavior, behavioral flexibility) and one of the most important structures mediating adaptation to aversive conditions. The PFC has also been extensively studied in the context of psychiatric illness where early life experience and PFC cytoarchitecture have converged to offer complementary explanations to the onset and/or evolution of depression, addiction, and post-traumatic stress disorder. Previous studies have in fact demonstrated that aversive experience negatively affects cytogenesis in the mPFC of rats (Czeh *et al*. Banasr and Duman, Banasr *et al*).\[[@ref20][@ref42][@ref43]\] Our experiment extends these results providing for the first time evidence that these cytogenic changes may persist over long periods of time. As showed on the results section, the numbers of BrdU+ cells were reduced about 30% in the noise-exposed rats. Considering the fact that these cells were marked at early stages and visualized 3 months later, our results reflects in fact the long-term survival of these newborn cells. Thereafter, we provide here arguments to believe that some cytogenic changes reported on adult "stressed" brains might be explained at least in part by early-life experiences affecting proliferation.

Glial cells were included in this context (for review, see (Smialowska *et al*)\[[@ref44]\] when former postmortem studies reported decreased glial cell density in prefrontal and cingular areas of depressed patients. As chronic stress has been considered a hallmark of depressive illness, these data may in fact reflect the glial vulnerability to stressing conditions (Rajkowska, Rajkowska and Miguel-Hidalgo).\[[@ref18][@ref45]\] Outstanding studies preceding ours confirmed that some aversive experiences might affect the PFC integrity by reducing the glial cell numbers (Czeh *et al*., Banasr and Duman, Banasr *et al*).\[[@ref20][@ref42][@ref43]\] Given the fact that the astrocyte lineage represents the most abundant and versatile population over the brain, it would be admissible that astrocytes should be affected under stress conditions. That was our hypothesis and that was in fact what we found. Accordingly, we planned our experiment having in mind that astrocytes could change its proliferative rate early in life, and that this condition could negatively impact the total numbers at later stages. However, we fail in our effort to explain this reduction under astrogenic reasons. A careful review of the papers previously cited allows us to believe that even when the total numbers were reduced at the end of the experiment, there is not enough evidence to sustain that this reduction obeyed to a proliferative depletion. As Banasr *et al*. pointed, gliogenesis in PFC is markedly scarce (Banasr *et al*).\[[@ref46]\] Then, it is highly possible that reductions on astrocyte density reported in this and other stress-related studies must be due to non-proliferative changes (i.e., differentiation, apoptotic changes, etc.). Additional experiments should then clarify the particular contribution of astrocytes and other glial cells (i.e., NG2+ or microglia) to the long-term proliferative depletion seen in this experiment. It must be noted at this point that the reduction on astrocyte numbers produced by noise was at least in part compensated by morphological changes. Astrocytes belonging to the noise group exhibited a more ramified and intensely stained morphology as we qualitatively appreciated on infra and prelimbic areas. Considering the crucial role of protoplasmatic astrocytes in synaptic transmission and neural tissue protection and regeneration, it is not surprising that astrocytes generate this morphological change in order to compensate their numerical declive. According to this, it has been demonstrated that changes in GFAP synthesis become one of the earliest astrocyte responses against environmental threats and that some specific epigenetic changes may affect its expression on selected stress pathologies (Nagy *et al*).\[[@ref47]\] So far, even when other studies suggest that astrocytic changes fade rapidly once experience is discontinued, at least for acute experiences (Braun *et al*),\[[@ref48]\] we evidenced here a permanent change on the intermediate filaments arrangement whose functional correlate should be elucidated. We may speculate that glial impairment lies behind some other physiological changes associated to stress. It has been reported for example that glutamate concentrations are frequently increased in the prefrontal cortex of stressed subjects (Martin and Wellman).\[[@ref49]\] It is also known that astrocytes contribute crucially to the supply and cleaning of glutamate for neurons (Popoli *et al*).\[[@ref50]\] So, astrocyte malfunction may become a crucial factor explaining the neurotransmitter imbalance seen in subjects exposed to aversive conditions. Moreover, in accordance with a contemporary experiment, our results also support the idea that glial damage may underlie as a former step, the cognitive impairment seen in subjects who fail when execute tasks that depend on the integrity of this brain region (Lima *et al*).\[[@ref51]\]

Interestingly, cytological changes produced by noise in our experiment were particularly pronounced over the cingulate cortex. This result is consistent with Cohen *et al*., which reported smaller anterior cingulate cortex volumes on people who have experienced significant early-life stressing events (Cohen *et al*).\[[@ref52]\] So, this data suggest that the developing cingulate cortex may be a key structure mediating the long-term effects of early aversive circumstances. Future studies should focus this structure.

It is well-known that the cingulate cortex as a privileged part of the mPFC, is crucial for the intentional control of behavior and also participates in the superior control of the stress response (Cohen, Cohen *et al*).\[[@ref53][@ref54]\] It has also been demonstrated that the entire mPFC supports some of the most complex cognitive functions including response inhibition, temporal organization of behavior and working memory (Cerqueira *et al*).\[[@ref55]\] Having this in mind, our experiment included a behavioral correlate of mPFC function. We choose the T-maze alternation/discrimination paradigm due to its proved ability to exhibit changes on the rats' mPFC integrity (Shoji *et al*).\[[@ref38]\] We confirm with our results that these executive functions are sensible to the effects of environmental stressors.

Using an eight-arm water maze protocol, we previously found that the long-term effects of early life-noise mostly become evident when the animal must to relearn the task (Jauregui-Huerta *et al*).\[[@ref34]\] So, trying to get a better understand of these results, we perform this new experiment with focus on the mPFC alternation/discrimination related tasks. Subjects solving this kind of paradigms must employ recent information to make correct choices. This process implies indeed abilities like behavioral flexibility, monitoring, and mending of errors (Arnsten).\[[@ref13]\] Viewed as a whole, our results support the idea that aversive stimuli when is presented at early stages of life promote inflexibility. As the reader might note, effects of early exposure on adult T-maze seems transient so execution profiles become equal at the end of the assessment. It must be noted, however, that the assessment was conducted 3 months after the end of the exposure and that relevant changes remained until the adult stage. Even when damage seems not catastrophic for working memory, it is evident that the noise-exposed rats exhibited a delayed curve of learning. This delayed curve of learning coincides with the perseverative behavior profile reported in other experiments (El Massioui *et al*. Clinton *et al*. Jauregui-Huerta *et al*., Guariglia and Chadman).\[[@ref34][@ref56][@ref57][@ref58]\] Then, we believe on this basis that environmental noise may represent an important source of stress that silently exacerbates the behavioral inflexibility frequently seen in stress-derived pathologies (Nikiforuk and Popik).\[[@ref59]\] So, inflexibility/perseveration are in fact the underlying sequela behind alternation/discrimination. Support for this affirmation may be extracted from studies showing that juvenile stress has powerful associations with the onset of mood and/or anxiety disorders frequently characterized for perseveration and other cognitive changes (Horovitz *et al*., Horovitz *et al*).\[[@ref25][@ref26]\] Specifically, working memory impairment has been proposed a reliable predictor for the development of posttraumatic stress disorder in subjects suffering continuous traumatic events (Roncone *et al*).\[[@ref60]\] Recent experiments in rats also confirmed that working memory is particularly sensible to the long-term effects of early aversive circumstances (Jin *et al*).\[[@ref61]\] It must not be disregarded that the aversive condition used in this experiment belongs to a class of environmental stressors, whose presence in modern societies is often excessive and frequently disregulated. Thereafter, besides the short-term proved damaging effect of noise over cognitive skills and other auditory functions (Chang and Merzenich, Reed *et al*),\[[@ref7][@ref10]\] it must now be attended the long-term effect proposed in this experiment.

Conclusion {#sec1-5}
==========

In conclusion, these results support the idea that early exposure to environmental noise may have long-lasting consequences affecting cognitive processes behind working memory, decision-making and/or error correction. These results also suggest that glial loss may be an important element underlying the cognitive and cytoarchitectural alterations accompanying the PFC changes frequently seen in some stress-related pathologies.
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